Abstract. We propose a multispectral index to assist the detection of human signatures in complex natural environments. Differently from previously proposed indices, it takes into account the spectral responses of human skin not only in the near infrared, but also in the visible region of the light spectrum. As a result, it can contribute to mitigate the chances of false alarms during time-critical search and rescue operations carried out in such environments. Our investigation is supported by the use of reflectance data measured for different skin specimens and natural materials such as sand, ocean water, melting snow, and forest vegetation. We believe that the observations reported in this work can be incorporated into the design of more effective procedures and devices for the differentiation of human targets from background materials commonly found in nature.
Introduction
Every year, search and rescue operations are employed to save numerous lives worldwide. In order to achieve this goal, the agencies responsible for these operations strive to reduce the time to find people who are lost or in distress. This is a challenging task, particularly when the search is performed on vast and complex environments such as open ocean waters, deserts, mountains, forests, and flooded regions. It usually involves visual screenings primarily performed by personnel onboard low-flying aircrafts. 1 During long airborne searches, the performance of the human operators may degrade due to fatigue, which may cause vital target clues to be missed.
The fundamental importance of reducing search time and increasing the probability of successful rescues has motivated the development of sophisticated airborne detection systems equipped with multispectral and hyperspectral sensors. 2 Despite recent advances in this area, however, the effective detection of human targets remains an open problem, notably in environments composed of background materials characterized by spectral features that pose limited contrast with skin spectral signatures. Such limited contrast may result in false positives, or false alarms, during timecritical search and rescue operations. These situations may hinder the chances of survival of a lost individual, especially under adverse environmental conditions, since valuable time may be unduly employed to investigate them. Accordingly, more comprehensive spectral differentiation techniques based on an expanded spectral coverage are required to mitigate these situations and improve the performance of current detection systems. 3 In order to address these requirements, researchers started to look for insights in an area where similar issues have been extensively studied, namely the remote sensing of vegetation. More specifically, inspired by the normalized difference vegetation index, Nunez and Mendenhall 4 proposed an index for the detection of human skin signatures. This index, termed normalized difference skin index and henceforth referred to as NDSI 8 , employs reflectance (ρ) values captured at two near-infrared (NIR) wavelengths (1100 and 1400 nm), and it is computed as
Subsequently, Nunez et al. 5 proposed a modified version of this index, henceforth referred to as NDSI 9 , in which the NIR reflectances at 1100 and 1400 nm were replaced by NIR reflectances captured at 1080 and 1580 nm, respectively.
Since the indices proposed by Nunez et al. 4 ,5 employ two NIR reflectance values, they can effectively detect human targets when the background materials have a light absorption and reflection behavior markedly distinct from the light absorption and reflection behavior of human skin in this region of the light spectrum. Noteworthy examples include man-made and inorganic materials typically found in urban settings.
There are background materials, however, whose interactions with light can result in spectral features similar to skin spectral features in a particular spectral range. These include materials and material combinations typically found in nature such as melting snow and vegetation. Hence, to reduce the possibility of false alarms in the search for human targets in complex natural environments, it may be necessary to use multiple probes covering relevant spectral regions in which skin signatures are marked by characteristic features. Accordingly, in this work we propose a multispectral index, henceforth referred to as multispectral skin detection index (MSDI), for the remote detection of human skin signatures based on this premise.
Definition and Effectiveness Assessment
The proposed index takes into account the distinct spectral features of human skin in the visible and NIR regions ( Fig. 1) , in which light absorption within the cutaneous tissues is dominated by melanin and water, respectively. Accordingly, it employs reflectance (ρ) values captured at four wavelengths, with two in the visible (450 and 650 nm) and two in the NIR (1450 and 1650 nm) region, being computed as MSDI ¼ ρð650Þ − ρð450Þ ρð650Þ þ ρð450Þ × ρð1650Þ − ρð1450Þ ρð1650Þ þ ρð1450Þ :
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One might argue that the multiplication operator could be replaced by another less-expensive arithmetic operator in Eq. (2) . However, it is important to note that there are materials and material combinations in nature (e.g., water and soil mixtures found in rivers, particularly during flooding situations) that are characterized by spectral profiles qualitatively similar to the spectral profiles of human skin in the 450-650 and 1450-1650 nm ranges. The use of the multiplication operator reduces the chances of false alarms in these cases by highlighting the quantitative differences between the spectral profiles of these materials and human skin.
In order to assess the effectiveness of the proposed index, we computed MSDI, NDSI 8 , and NDSI 9 values (Table 1) for skin specimens with markedly distinct levels of pigmentation (Fig. 1) . We then computed their values for different materials found in natural environments to determine whether false alarms can occur based on their respective skin detection intervals depicted in Table 1 . These computations are performed using actual measured reflectance values available for these materials in the literature. Since these datasets were obtained through distinct data acquisition initiatives, 6-10 one should expect variations in their respective measurement conditions. We note, however, that similar variations are also expected to occur during actual search and rescue operations.
It is worth noting that the existing indices, NDSI 8 and NDSI 9 , were originally evaluated using reflectance values. These were derived from radiance values collected with a camera (using images). 4, 5 The conversion from radiance to reflectance values was performed using the empirical lime method. 4 It is well-understood that images are obtained from the convolution of the illuminant spectral power distribution spectrum, the spectral reflectance of the target materials, and the broad spectral response of the human photoreceptors, or in the case of a charge-coupled device camera, its sensor sensitivity. Accordingly, reflectance data derived from images may be subjected to errors introduced by conversion algorithms as well as limitations with respect to the specification of illumination conditions and sensors' sensitivity. 11 Hence, for consistency with the evaluation employed by the related works and to mitigate biases associated with external confounding factors, we resorted to a direct use of experimentally measured reflectance data in our investigation.
Results and Discussion
Although one cannot assess the effectiveness of detection indices with respect to all materials and material combinations found in nature, we note that we have tested MSDI, NDSI 8 , and NDSI 9 on the wide variety of natural materials available in the databases mentioned above, with no false alarms being attributed to the use of the proposed index. For conciseness, we primarily included in this section selected examples that illustrate representative cases.
Initially, we compared the performance of the indices with respect to natural materials whose reflectance profile is characterized by the absence of prominent spectral features at the NIR wavelengths of interest (Fig. 2) . As expected, since the reflectance of human skin is marked by noticeable features in this region (Fig. 1) , all computed index values (Table 2) were outside their corresponding skin detection interval ( Table 1 ), suggesting that these indices can effectively differentiate these materials from human targets.
In our next round of comparisons, we considered natural materials with a reflectance profile marked by the presence of prominent spectral features at the NIR wavelengths of Fig. 1 Reflectance spectra for lightly and darkly pigmented skin specimens provided by Cooksey and Allen 6 and Jacquez et al., 7, 8 respectively. Table 2 Computed MDSI, NDSI 8 , and NDSI 9 values for samples of ocean water (from Atlantic Ocean) 9 and desert sand (from Saudi and Australian dune fields). OE Letters interest (Fig. 3) . Since MSDI takes into account spectral features in both visible and NIR regions, it provides values (Table 3 ) outside its detection interval computed for the skin specimens considered in this work (Table 1) . On the other hand, since the NDSI 8 and NDSI 9 consider only spectral features in the NIR region, they are more prone to result in false alarms when the natural background is composed by materials whose spectral signatures are characterized by spectral features similar to those found in the spectral signatures of human skin within this region. This can be verified by the NDSI 8 and NDSI 9 values depicted in boldface in Table 3 , which are within the NDSI 8 and NDSI 9 detection intervals computed for the skin specimens considered in this work (Table 1) . We note that the computed skin detection intervals presented in Table 1 should be viewed as relative references since some variation should be expected with respect to individuals characterized by more extreme pigmentation levels.
Clearly, comprehensive in situ tests are required to fully assess the capabilities of detection indices under different operation conditions. This would involve collecting data from real environments using the same equipment available to personnel involved in the detection of human targets. This equipment would include, for example, detection systems that still may not be affordable for general use. Nonetheless, as a proof of concept, the results of our investigation indicate that the proposed index can potentially mitigate the number of false alarms that may occur in search and rescue operations in complex natural environments.
Conclusion
Even though the MDSI requires the acquisition of reflectance values at four different wavelengths and within a spectral range broader than the usual range (e.g., 380-1100 nm) covered by the most widely used detection systems, 2 we believe that it can effectively contribute to the reduction of search time, and thus increase the survival chances of those who are lost. Moreover, as pointed out by Eismann et al.,
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